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a b s t r a c t

We assessed the short-term effects of alternative designs of forested buffer treatments along headwa-
ter streams on small ground-dwelling mammals in managed forests in western Washington, USA. Over
three summers (one pretreatment and two posttreatment), we trapped 19 mammalian species along
23 streams in the northern Coast Range. We compared faunal communities in unlogged controls with
riparian treatments: (1) clearcuts (no buffer) to the stream bank, (2) clearcuts with continuous buffer
strips from a few to 20 m each stream side, and (3) clearcuts with small patch (<0.6 ha) buffers left to
protect sensitive streamside terrain. We estimated abundance (N̂) of eight common and three less com-
mon species with simple models and capture indices, respectively, and analyzed effects of treatments and
community measures on relative abundance compared to controls and over time. Habitat and forest stand
changes after treatments included reduced live standing trees and canopy, more dead down wood, and
increased ground plant species richness, evenness, and diversity, particularly in the patch and no buffers.
The forest obligate Peromyscus keeni significantly declined in all treatments. No other species declined in
strip buffers. Species with statistically greater N̂ in treatments included the early-seral microtine Microtus
oregoni, the semi-arboreal generalist Tamias townsendii and the old forest specialist Myodes gapperi in all
treatments; the generalist Peromyscus maniculatus in strip and no buffers; and the early-seral riparian
Zapus trinotatus in patch buffers. Postlogging trends in N̂ were negative for two common shrews, Sorex
monticolus and Sorex trowbridgii. Moist soil denizen Neurotrichus gibbsii capture rates were significantly
lower in clearcut no buffers. Captures were low for two species of semi-aquatic shrews, Sorex bendirii
and Sorex palustris, but in general, S. palustris responded poorly to treatments. Windfall was an impor-
tant proximate influence on buffer function because persistence was low and created structural diversity
in dynamic change. The alternative buffers were ineffective in retaining the habitat and relative abun-

dance of individual small mammal species. Species composition similarity also significantly declined in
the clearcuts. Change in species richness, evenness, diversity and total mammals captured in treatments
however were not different. Control streams maintained faunal biodiversity but abundance of about half
of the species changed following treatment. Steep topography, weather events, and small buffer size
advanced habitat changes that influenced small mammal response to treatments. Site-specific data are
necessary in logging unit planning along headwater streams, if the management goal is the maintenance

in un
of communities observed

. Introduction
Forest logging practices along streams in the Pacific North-
est USA include retention of strip buffers intended to maintain

treamside riparian habitat, sustain biological diversity, and protect
quatic resources (e.g., FEMAT, 1993; Naiman et al., 1993; Spies et
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disturbed forest.
Published by Elsevier B.V.

al., 2002; Richardson et al., 2005). However, some studies show that
these buffers may not support wild species at comparable abun-
dances to undisturbed forests before treatment (Richardson and
Thompson, 2009). Riparian buffers maintain only certain taxa at
levels comparable to unlogged areas so longer-term community
dynamics in riparian buffers may be substantially different from

undisturbed areas (Marczak et al., 2010).

The narrowest riparian zones are in the stream origins along
non-fishbearing first- and second-order or “headwater” streams
(order increases at each downstream confluence in the drainage
network). In the near-coastal Pacific Northwest, headwater streams
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2. Study areas

Fieldwork was conducted on DNR-managed State Trust Lands
in the Willapa State Province of western Washington State, on the
568 R.J. Wilk et al. / Forest Ecology an

enerally occur at high elevation, are often intermittent or
phemeral, are constrained between ridges under closed canopies,
ack flood plains, and are physically unstable owing to winter flood-
ng (Richardson et al., 2005; Richardson and Danehy, 2007). First-
nd second-order streams may compose up to 80% of the total
tream length in many drainage networks, yet are considered to
ave a small effect upon the lotic continuum compared to the
ownstream reaches (MacDonald and Coe, 2007; Richardson and
anehy, 2007). Their riparian functionality and biotic response to
abitat manipulation is incompletely understood, and there are

ew studies of the effectiveness of headwater protective buffers on
errestrial fauna.

Forest ground-dwelling small mammals such as shrews, mice,
oles, moles, and chipmunks forage upon small vertebrates, insects
nd plants, alter ground vegetation, mix soil and detritus, spread
oral seeds and fungal spores, and are prey to forest carnivores
Hallett et al., 2003). The effect of habitat change by logging on
mall mammals depends upon the degree to which their ecologi-
al requirements are met by the resulting forest condition (Hallett
t al., 2003), which can influence critical resources, behaviors and
pecies interactions such as habitat structure, food, foraging behav-
or, fitness and body size, species communities and interspecies
ompetition (Carey and Johnson, 1995; Lomolino and Perault,
007). Streamside habitat is ecologically necessary for some species
Anthony et al., 2003), yet the majority of studies on the effects of
ogging on wildlife are from upland studies (Zwolak, 2009; Marczak
t al., 2010).

In British Columbia (BC) Cockle and Richardson (2003) observed
hat small stream 30-m riparian buffer strips helped lessen the
hort-term impact of clearcut logging on six small mammal species.
n mesic third-order stream riparian forests of the Washington Cas-
ades, Lehmkuhl et al. (2008) concluded buffer widths of 60–100 m
ere effective for refuge and corridor function for small mammals,

y measuring spatial relationships of species captures. West (2000)
valuated the effectiveness of two primarily third-order fishbearing
tream strip buffer designs in western Washington where cap-
ure rates of one species declined but other community differences
ere small. In a meta-analysis of estimates of the effect of riparian

uffers on abundance and density of terrestrial taxa, small mammal
ensities generally decreased in buffers but the cumulative mean
ffect size was not significant, reflecting a possible averaging of
pecies responses between abundance at buffer and reference sites
Marczak et al., 2010).

We present research results for small ground-dwelling mam-
als trapped along western Washington forest first- (and some

econd-) order headwater streams before and after alternative
iparian buffer manipulation. Here both orders (which are phys-
cally similar) were part of the research in the headwater rubric if
hey were fishless–a key regulatory factor in riparian management
ractices. We initiated this research in part because of the debate
ver how much protection fishless headwater streams should
eceive during logging. In Washington State, riparian protection
equirements on state and privately managed forests are regulated
y the Forests and Fish Law (www.forestsandfish.com) or by indi-
idually negotiated habitat conservation plans (HCP) between the
and owner and the federal agencies charged with protecting at-
isk fish and wildlife. On many state and private industrial forests
n Washington, headwater streams are not buffered although there
re requirements for understory vegetation protection and heavy
quipment exclusion on these small, steep channels. Some con-
ervation organizations, however, have argued that the absence of

ative fishes from headwaters leaves such channels vulnerable to
nvironmental damage during logging, and that other organisms
hat inhabit the uppermost reaches of the drainage network may
uffer habitat loss. They also argue that headwater streams in fed-
rally managed forests receive much greater protection under the
agement 260 (2010) 1567–1578

Northwest Forest Plan (FEMAT, 1993) than do small watersheds
on state and private lands. In order to determine if there was a
middle ground between the wide buffers on headwater streams in
federal forests and the less protected headwater streams on state
forests, the Washington Department of Natural Resources (DNR)
implemented a controlled field experiment in which alternative
buffering strategies could be evaluated for conservation effective-
ness. Our study has relevance to other areas in western North
America because the regulation of forest practices often hinges
on the presence or absence of fish, with fishless streams typically
receiving a lower level of protection during timber harvest.

Our findings are intended to provide a better understanding
of alternative buffer designs in the maintenance of streamside
small mammal communities by comparing the short-term treat-
ment response of habitat, abundance and composition to measures
from prelogging and to measures from uncut reference sites.
This research supports the development of a long-term first- and
second-order stream conservation strategy as part of the DNR
HCP and the proposed adaptive management strategy for western
Washington.
Fig. 1. Western Washington study area, location of the six study blocks, and diagram
of the layout of experimental buffer treatments along headwater streams in the
Tags block (TA) with one each of control, strip buffer and no buffer treatments, and
two patch buffer treatments. Bold lines in diagram show harvest unit outline and
cut/retained tree areas. Other block names: RO = Rot, SS = See-saw, LR = Lonely Ridge,
EF = Ellsworth Flats, and SR = Split Rue.

http://www.forestsandfish.com/
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orthern edge of the Coast Ranges Regional Province (see Franklin
nd Dyrness, 1988). Three cutblocks with 12 streams were in the
lack Hills of the Capitol State Forest, west of Olympia, and 3 cut-
locks blocks with 11 streams were in the Willapa Hills, east of
outh Bend (Fig. 1). The highest promontory is 957 m, and the
ange in elevation of GPS-derived mid-points of trapping arrays
as 60–400 m. Stream catchment size ranged 1.2–8.1 ha. Stream

eaches, source to confluence, ranged 80–480 m. Stream bankfull
idth was generally less than 3 m; flow was mostly perennial,

ut one stream had a dry/trickle bed. Stream aspect varied widely
ithin treatments with one to three streams in each of the four
irectional quadrants (NE, SE, SW, NW), except for the three patch
uffers which were oriented N-NE.

The sites were in managed previously logged and naturally
egenerated second-growth coniferous forests of mostly western
emlock (Tsuga heterophylla), Douglas-fir (Pseudotsuga menziesii)
nd western redcedar (Thuja plicata), with vine maple (Acer cir-
inatum) in the midstory. Some sites had dense patches of salal
Gaultheria shallon) in upland ground cover. Devil’s club (Oplopanax
orridus), salmonberry (Rubus spectabilis), western sword fern
Polystichum munitum) and redwood sorrel (Oxalis oregana) char-
cterized streamside vegetation. Stand ages at the time of logging
ere 61–108 years. Streams assigned to treatments were very

imilar in measures of environmental and habitat attributes (see
upplement Appendix 1).

In our study area, at least nine species of small mammals occur
long aquatic habitat including the benthivorous riparian obligates:
arsh shrew (Sorex bendirii) and the Pacific water shrew (Sorex

alustris); riparian associates: the dusky shrew (Sorex monticolus),
he shrew-mole (Neurotrichus gibbsii), the long-tailed vole (Micro-
us longicaudus), the northwestern deer mouse (Peromyscus keeni),
nd the short-tailed weasel (Mustela erminea); and species that
ccur in riparian early-seral habitat that often results from natu-
al habitat disturbance: the creeping vole (Microtus oregoni), the
acific jumping mouse (Zapus trinotatus), and the vagrant shrew
Sorex vagrans) (Kelsey and West, 1998; West, 2000; Anthony et
l., 2003).

. Methods

.1. Design and treatments

There were three experimental treatments: (1) clearcuts (no
uffer) to the stream bank (n = 7; one or two per cutblock), (2)
learcuts with continuous buffer strips from a few to 20 m each
tream side (n = 7; one or two per cutblock), and (3) clearcuts
ith small patch (<0.6 ha in size) buffers left to protect sensi-

ive streamside terrain (n = 3; in two of the cutblocks). We also
ad six unmanaged controls, one in each cutblock (henceforth,
reatments = buffers = logging; experimentally, alternative buffers
nclude “no buffers” or clearcuts as one of the three alterna-
ives).

Strict adherence to random assignment of treatments was not
ossible. Control streams were assigned by DNR managers either
o one end of the logging unit (n = 4) or close to treatments (n = 2).
hus, streams were adjacent or loosely clustered within cutblocks,
ith buffers assigned ad hoc, reflecting the constraints of planning,

oad building, and access. Treatments occurred late 2003 to early
005. Pretreatment was in 2003; 2004 was the logging year (60%
rapping effort); 2005 was post 1 and 2006 was post 2. The primary
ocus of this research was 2003, 2005 and 2006. Concurrent plant

nd stand sampling was done only in pretreatment and post 1.

In post 1, patch buffers were 0.13, 0.56 and 0.59 ha in size. The
our control streams located on the ends of logging units were 40,
2, 67 and 91 m from the adjacent treated area clearcut-forest inter-
ace; and the two close controls were 137 and 296 m away from
agement 260 (2010) 1567–1578 1569

clearcut portions of the nearest treatment (see Fig. 1 for diagram of
buffers in one cutblock logging unit).

3.2. Trapping

We trapped during the “dry season”, late May to mid-
September, when on average, only ≈9–10% of the annual rainfall
occurs (www.ncdc.noaa.gov, Olympia, WA). We centered 18 trap-
ping stations per stream side ≈ midpoint between the origin and
lower confluence of each stream. Stations were in a zigzag pattern
on the bank to 2 m away, and at 5 m intervals apart. We baited
one Sherman live trap (76 mm × 89 mm × 222 mm) at each station
using whole oats, peanut butter, molasses, and raw cotton, and cov-
ered it with debris. While bait composition was not optimal for
all species, we believe it was effective in capturing a broad num-
ber of species, especially the most common ones, known from a
pilot study without bait in 2002. We checked traps daily over three
nights in five successive trapping bouts that were two to three
weeks apart.

We hole-punched small eared species and ear-tagged the larger
Townsend’s chipmunk (Tamias townsendii), assessed and released
them. Shrew (Sorex spp.) live captures were immediately released
unmarked without knowing species, but mortalities were later
identified in the laboratory using keys (Carraway, 1995; Van Zyll de
Jong, 1983). Identification and age class of the two species of Per-
omyscus (Gitzen, 2006; Kroeger, 2006) and T. townsendii (Waldien,
2005) were assigned by weight or tail length criteria, or both.

After logging, the patch buffer trapping arrays were partially
inside and partially outside of tree patches. Owing to burying
by windthrow, some trapping stations each year were relocated
as close to prelogging configuration as possible. Logging altered
stream courses in some cases.

3.3. Habitat

We randomly sampled vegetation, forest stand and dead down
wood (DDW) in four 3 by 3-m quadrats in each of two 10 by 10-m
plots on each stream side, two to 12 m from the bank. There were
three arrays in the control, strip buffer, and no buffer, and two each
in the patch leave (islands) and patch cut (clearcut portions of the
patch buffer treatment).

We recorded ground-story vascular plant species except
graminoid Luzula spp. because it was difficult to identify. We
included trees ≤10 cm diameter at breast height (dbh), measured
at 1.4 m height and ignored indeterminate seedlings <2 cm tall. We
estimated cover in 1% classes to 10% and 5% classes thereafter. DDW
was measured using line-intercept sampling (Waddell, 2002).

We estimated forest metrics by using two variable-radius plots
per array. We measured basal area (BA) using a 20-BA-factor Speigel
Relaskop. We recorded species, measured quadratic mean diameter
(QMD), and uniquely marked all live or dead trees ≥10 cm dbh. In
post 1, we remeasured live, dead, down, and windthrown trees, but
QMD was not remeasured. Overstory canopy was measured using
hemispherical photographs from four photo points 1.2 m above
ground with a fisheye converter on a digital camera with a 20%
mask of the sky (Frazer et al., 1999).

3.4. Analyses

Data processing and preliminary analyses of species abundance
from models were done using SAS (SAS Institute, 2003. vers. 9.1.3,
Cary, North Carolina) and modeling analysis was conducted using

Matlab (Mathworks. 2002. vers. 6.5. Natick, Massachusetts). All
other analyses were done with Predictive Analytics Software (SPSS
Inc., 2009. vers. 17.0. SPSS, Inc. Chicago, Illinois). Any comparisons
we make with other studies are relative because buffer prescrip-
tions, traps, trapping methods, analyses and other factors may differ

http://www.ncdc.noaa.gov/
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mong studies, possibly with varied outcomes (see Williams and
raun, 1983; Anthony et al., 2005).

.5. Community treatment effects

For plant and mammal species richness, evenness and diver-
ity (and mammal captures), forest stand, and DDW, we subtracted
relogging measures from postlogging and compared the mean
ize change in treatments with controls using one-way analysis
f variance (ANOVA), with post hoc tests (Dunnett’s t or Bonfer-
ni) to determine which treatments were different. We examined
relogging variables for normality using Shapiro-Wilk tests, and
ransformed data when applicable. Parametric testing of values for
ive standing trees (stems) ha−1 were transformed log(x + 1), DDW
ogs ha−1 and DDW volume (m3 ha−1) were square root trans-
ormed; proportion data were arcsine transformed and species
venness indices were arcsine square root transformed (McCune
nd Grace, 2002). We used the software Palaeontological Statistics
Hammer et al., 2001) to calculate plant and animal diversity indices
Shannon H′). The untransformed data are shown, but P-values
re from the analyses on the values after they were transformed.
ecause our samples were small and estimates were highly variable

n many cases, we set statistical significance ˛ = 0.10.

.6. Abundance of small mammals

All study streams were within the distributional range of all
pecies captured in this study. Trowbridge’s shrew (Sorex trow-
ridgii) and S. monticolus captures were analyzed using the removal
ethod (Otis et al., 1978; White et al., 1982) because mortality

ates were high. Released individuals were treated as if they had
ot been captured. We pooled captures across all streams to model
apture probabilities, p. Removals were pooled across trap nights
TN) within each bout treating the bout as a capture occasion.

The removal method goodness-of-fit (GOF) was assessed using
chi-square test (White et al., 1982). Removals are expected to

ecrease over time, so the “failure criterion” (Otis et al., 1978)
f this assumption was calculated for each sequential model to
ssess whether removals decreased over time. The preferred model
as the simplest model that satisfied both the GOF test at ˛ = 0.10

nd the failure criterion such that F > 0, and was primarily used
or estimating abundance. The next less parsimonious model was
lso considered if estimated abundance (N̂) was similar with more
recision. Variances were estimated using an asymptotic approxi-
ation provided by Otis et al. (1978).
Population sizes for all other species except water shrews and

. gibbsii were estimated using the closed population model M0,
hich assumes constant p (Otis et al., 1978). The few capture losses

except M. oregoni, 32%) were excluded from the analysis as were
ndividuals not known to be either first captures or recaptures (Z.
rinotatus, 3%). Variances were also estimated using asymptotic
pproximations (Otis et al., 1978). In rare cases where N̂ were not
btained, the population size was the number of new captures with
n undefined variance.

We transformed N̂ to individuals per stream: {(N̂) × (1/n)} ±
(SE of N̂} × (1/n)}, where n is the number of streams in a treatment.

e then performed six pairwise comparisons for each species,
reatment and postlogging year combination using Tukey’s test,
ith the normal approximation. We set statistical significance at
= 0.10, due to inherently low statistical power of small samples,
ith significant t-values of 2.052 for within treatment by year
omparisons, and t = 2.291 for within year, treatment-control com-
arisons. We did not account for repeated measurements, making
he tests very likely conservative in that the standard errors of
he differences are overestimated (Baldwin, J., Pacific Southwest
esearch Station, personal communication).
agement 260 (2010) 1567–1578

Captures of the two water shrew species and N. gibbsii, were
too few to model N̂ so we used capture indices (see Hopkins and
Kennedy, 2004) and adjusted for sprung traps. Most streams had
no captures of these three species, so we transformed capture
rates, n/100 TN by adding a constant 1 (McCune and Grace, 2002)
and converted them to natural logs: ln([n/100TN] + 1) for repeated
measures (Baldwin, J., statistician, PSW Research Station, personal
communication). We then performed ANOVA with post hoc tests
on the differences in capture rates between postlogging treatments
compared to differences in controls. We also used repeated mea-
sures ANOVA pairwise comparisons of differences on estimated
marginal means between post and pre-capture rates within each
treatment with no adjustment for multiple comparisons (least sig-
nificant difference).

3.7. Small mammal species composition similarity and biological
correlates

We calculated Jaccard’s index to compare the percentage simi-
larity of species composition (species in common in both locations
regardless of abundance; Magurran, 1988) between each treatment
stream and the control in each cutblock. We then transformed the
percentages with the arcsine square root transformation (multi-
plied by 2/pi to rescale result to percentages; McCune and Grace,
2002) and conducted ANOVA with post hoc tests. Species repre-
senting <0.1% of captures were not included. We also employed
simple Pearson bivariate correlations to examine associations
between change in habitat and change in the mammal community.

3.8. Percentage of females, productivity, and adult body mass

Because mammal abundance is not always a good indicator of
habitat quality (Van Horne, 1983), we considered demographic,
body mass, and productivity data measured in the field (live
rodents) and laboratory (postmortem). We pooled across patch
and no buffers, and across both post 1 and post 2 “impact years”
where applicable to increase sample size. We conducted two-
sample (t-test, Mann–Whitney U), multi-sample (one-way ANOVA,
Kruskal–Wallis) and chi-square statistical tests on these data. We
include additional data from 2002 and 2004 to increase some sam-
ple sizes, especially for body mass and percent by sex of water
shrews (and N. gibbsii) because they are rare or of sensitive status
in some regions (e.g., Pacific Water Shrew Recovery Team, 2009),
and life history information is incomplete.

4. Results

4.1. Habitat change

Habitat change in post 1 buffers increased as the level of log-
ging increased. Average change in understory plants, forest stand
and DDW was greater in the patch and no buffers than in the con-
trols (Tables 1 and 2). Strip buffers were intermediate. Windthrow
affected all categories, shown by fewer standing trees and larger
amounts of DDW.

4.2. Abundance of small mammals

We captured 3430 individuals of 19 species of small mammals.
Two species of Sorex and two species of Peromyscus accounted for
70% of the captures. S. trowbridgii was the only species captured

at every stream in every year. We captured nine riparian species
with individuals of riparian associates representing 18% of captures,
early-seral riparian (10%) and obligates (1%; Table 3).

P. keeni N̂ significantly declined in all treatments. No other
species declined in strip buffers (Fig. 2). Species with statistically
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Table 1
Change in understory/shrub and forest stand measurements in buffer treatments in postlogging compared to controls (first year postlogging–prelogging; X̄ ± SE) along
headwater streams, western Washington. Patch buffers are split between tree islands (leave) and clearcuts around islands (cut). See Supplement Appendix 1 for prelogging
measurements.

Treatment (n) Understory plants Forest stand

Richness Evenness Diversity Canopy
closure (%)

Standing live trees
(trees ha−1)

Basal area
(m2 ha−1)

QMD (cm)

Control (6) −0.1 ± 0.5 0.01 ± 0.01 −0.01 ± 0.06 0.2 ± 1.2 −109 ± 87 −10 ± 7 −0.0 ± 0.0
Strip buffer (7) 3.4 ± 0.7 0.00 ± 0.01 0.28 ± 0.08 −8.6 ± 3.5 −152 ± 44 −19 ± 4 8 ± 8
P 0.05* 1.00 0.18 0.12 0.98 1.00 0.71
Patch leave (3) 5.5 ± 2.2 −0.00 ± 0.02 0.56 ± 0.14 −23.4 ± 8.7 −120 ± 51 −17 ± 4 −1 ± 2
P 0.01* 1.00 0.01* 0.00* 1.00 1.00 1.00
Patch cut (3) 9.2 ± 0.8 0.13 ± 0.04 0.93 ± 0.07 −67.2 ± 3.9 −273 ± 41 −38 ± 4 −40 ± 4
P 0.00* 0.00* 0.00* 0.00* 0.00* 0.09* 0.00*

No buffer (7) 6.1 ± 1.1 0.15 ± 0.01 0.54 ± 0.10 −69.1 ± 2.6 −518 ± 115 −54 ± 6 −12 ± 6
P 0.00* 0.00* 0.00* 0.00* 0.00* 0.00* 0.37
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F4,21 9.87 12.60 13.04
P 0.00* 0.00* 0.00*

* Significantly different from control, ANOVA with post hoc test.

reater N̂ in treatments included the early-seral microtine M. ore-
oni, the semi-arboreal generalist T. townsendii and the old forest
pecialist M. gapperi in all buffers; the generalist deer mouse Per-
myscus maniculatus in strip and no buffers; and the early-seral
iparian Z. trinotatus in patch buffers (Fig. 2). P. keeni, along with
. gapperi, showed lower N̂ along control streams in postlogging

Fig. 2). Trends in N̂ were negative for both common shrews, includ-
ng controls. We captured only 14 individuals of each species of

ater shrew in 37,260 TN over three years and n = 49 of both species
ncluding 2002 and 2004. Total captures of N. gibbsii (n = 147) were
ot amenable to modeling. Their capture rates in no buffers were
ignificantly lower in both postlogging years than in prelogging
Supplement Appendix 3).

.3. Small mammal community structure

Average species richness increased 1–2 species in the treat-
ents. T. townsendii, P. maniculatus, M. oregoni, S. vagrans, M.

rminea, and M. longicaudus added to species richness in ≥1 treat-
ent (Table 3). Losses of numbers of P. keeni, S. trowbridgii and S.
onticolus in all treatments were offset by increases of Z. trinotatus,
. oregoni and M. gapperi captures in the patch and no buffers and

nfluenced species evenness. Statistically, there were no significant
ifferences in total captures, species richness, evenness or diversity
f small mammals along treated streams (Table 4).

The shifts in species occurrence in treatments were reflected
n species composition similarity. Before logging, treatments were
5–60% similar to the species composition of control streams
Table 5). While similarity within controls did not change in time,
he clearcut no buffers became more dissimilar to controls (Table 5).
atch buffers showed the strongest similarity to controls among the
reatments.

.4. Biological correlates

We correlated the post 1 mean change in habitat attributes with
he mean change in post 1 total small mammal capture attributes
see Supplement Appendix 1 and Table 4 for variables) and found
eak but significant associations. In the understory, increases

n mammal richness (r = 0.42, P = 0.05) and diversity (r = 0.46,
= 0.03) were associated with increases in plant richness. Simi-

arly, mammal richness (r = 0.35, P = 0.10) and diversity (r = 0.36,

= 0.10) showed a similar, but weaker association with plant
iversity.

At the forest stand level, total mammals captured was positively
ssociated with larger QMD trees (r = 0.41, P = 0.05). Mammal cap-
ures (r = 0.35, P = 0.10), mammal species richness (r = 0.44, P = 0.04)
6.84 4.39 10.28 6.68
.00* 0.01* 0.00* 0.00*

and mammal species diversity (r = 0.45, P = 0.03) were positively
associated with DDW small diameter class (10–30 cm). Mammal
richness (r = 0.37, P = 0.08) also showed a positive association with
DDW logs of medium decay class. Mammal richness, evenness, and
diversity were negatively associated with DDW soft decay class logs
(r = −0.35, P = 0.10), DDW percent conifer pieces (r = −0.47, P = 0.03)
and DDW logs ≥100 cm (r = −0.36, P = 0.09), respectively.

4.5. Percentage of females, productivity, and adult body mass

After logging, the percentage of captures of C as females
increased in patch and no buffers and S. monticolus increased in
the strip buffers. The percentages of reproductively active females
of the two common shrews increased in controls and decreased in
patch/no buffers. S. trowbridgii also had lower percentage breeding
females in strip buffers. S. monticolus showed smaller percentages
of juvenile captures in the treatments (details are in Supplement
Appendixes 4 and 5). Adult female body mass of both common
shrews increased in postlogging controls, and female mass of M.
gapperi in a small sample declined (Table 6). P. keeni males and P.
maniculatus females were heavier in postlogging patch/no buffers,
and P. maniculatus males were lighter.

We captured 49 water shrews including years 2002 and 2004,
but only 32 could be identified to sex and all of these were adults.
Forty-five percent of S. bendirii, and 20% of S. palustris were females.
With low captures in prelogging, no S. bendirii were breeding. After
treatments, female S. bendirii had five of eight captures in controls
and treatments in reproductive condition. Only 1 of seven male
captures was breeding. In prelogging, four of six S. palustris were
breeding, but this species was nearly absent in postlogging and no
reproductively active individuals were captured. There was no dif-
ferential body mass of either species between pre- and postlogging
(see Supplement Appendix 6).

5. Discussion

The effectiveness of alternative buffer treatments for main-
taining short-term abundance and population structure of the
small mammal community was influenced by the degree of habi-
tat change. Canopy forest conditions we observed in prelogging
diminished with increased logging levels which induced lesser
riparian protection and increased forest floor habitat complexity.

These changes triggered significant responses by small mammals
with shifts in N̂ in treatments (Fig. 2). Strip buffers appeared to
provide more protection of small mammal habitat than the patch
buffers and clearcut no buffers when compared to the controls
(Tables 1 and 2). Clearcuts did not maintain mammal species com-
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Table 2
Change in dead down wood measurements in buffer treatments in postlogging compared to controls (first year postlogging–prelogging; X̄ ± SE) along headwater streams, western Washington. Patch buffers are split between
tree islands (leave) and clearcuts around islands (cut). See Supplement Appendix 1 for prelogging measurements.

Treatment (n) Logs
(N ha−1)

Volume
(m3 ha−1)

Cover
(%)

Diameter class (cm) Decay class Species classa

10–30 30–60 60–100 ≥100 1
Hard

2–3
Med

4–5
Soft

Decid Conifer

Control (6) 299 ± 98 −5 ± 31 0.5 ± 0.7 −3 ± 21 20 ± 18 0 ± 0 −18 ± 16 5 ± 7 −1 ± 13 −4 ± 12 10 ± 6 43 ± 11
Strip buffer (7) 493 ± 91 10 ± 33 1.4 ± 0.7 15 ± 12 −6 ± 14 −10 ± 5 1 ± 1 14 ± 7 10 ± 11 −24 ± 8 28 ± 12 25 ± 17
P 0.60 0.95 0.93 0.73 0.48 0.23 0.82 0.97 0.90 0.36 0.34 0.77
Patch leave (3) 611 ± 158 −20 ± 99 0.5 ± 1.7 35 ± 21 −0 ± 12 −1 ± 5 −33 ± 33 12 ± 6 2 ± 7 −14 ± 10 25 ± 7 20 ± 3
P 0.91 1.00 1.00 0.43 0.87 1.00 0.94 1.00 1.00 0.19 0.74 0.58
Patch cut (3) 2149 ± 528 61 ± 55 5.2 ± 2.1 64 ± 25 3 ± 10 −1 ± 1 −67 ± 33 29 ± 18 6 ± 8 −35 ± 26 22 ± 12 40 ± 27
P 0.00* 0.72 0.05* 0.05* 0.92 1.00 0.24 0.65 1.00 0.93 0.85 0.95
No buffer (7) 1522 ± 615 −97 ± 48 −0.7 ± 1.2 21 ± 8 10 ± 17 −1 ± 4 −16 ± 14 43 ± 12 2 ± 6 −31 ± 7 11 ± 5 63 ± 10
P 0.04* 0.72 0.82 0.50 0.99 1.00 1.00 0.06* 1.00 0.32 1.00 0.69
F 4,21 4.40 1.14 2.98 1.86 0.56 1.18 1.80 2.16 0.15 1.30 1.00 1.68
P 0.01* 0.37 0.04* 0.16 0.69 0.35 0.17 0.11 0.96 0.30 0.43 0.19

* Significantly different from control, ANOVA with post hoc test.
a Only pieces identifiable to species; Decid = deciduous.

Table 3
Small mammal species captures and relative occurrence by treatment and year, western Washington stream buffer study 2003, 2005, 2006.

Control Strip buffer Patch buffer No buffer Total captures (%)

Pre-harvest Post 1 Post 2 Pre-harvest Post 1 Post 2 Pre-harvest Post 1 Post 2 Pre-harvest Post 1 Post 2

P. keeni • • • • • • • • • • • • 23.79
S. trowbridgii • • • • • • • • • • • • 17.20
S. monticolus (a) • • • • • • • • • • • • 11.31
Sorex unid. • • • • • • • • • • < 6.91
T. townsendii < • • • • • • 6.38
P. maniculatus < < • < • • • < • • 5.63
Peromyscus unid. • • • • < • • • • • < • 5.51
M. gapperi • < • • < • • • • < 5.45
Z. trinotatus (e) • • • < • • • • < • 5.13
N. gibbsii (a) • < • < < • < • • < 4.29
M. oregoni (e) < < < • • < • • 4.17
M. longicaudus (a) • • • < • 0.99
M. erminea (a) < < < < < < 0.96
S. vagrans (e) < • • < 0.79
S. bendirii (o) < < < • 0.41
S. palustris (o) < < • < 0.41
Glaucomys sabrinus < 0.29
S. rohweria < 0.23
Scapanus orarius < 0.09
Tamias douglasii 0.03
Spilogale gracilis 0.03

Note: • = captured along ≥2/3 of streams; < indicates captured along 1/3–2/3 of streams; a = riparian associate, e = early-seral riparian species, o = riparian obligate species; Post 1 = 1 year postlogging, Post 2 = 2 years postlogging.
a Previously considered to be S. cinereus in western Washington (Rausch et al., 2007; Nagorsen and Panter, 2009).
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Fig. 2. Estimated abundance (transformed to individuals per stream ± 90% CI) of eight common small mammal species by treatment type in western Washington stream
buffer study, from generalized removal (S. monticolus and S. trowbridgii) and closed population models M0 (other six species). For S. monticolus and S. trowbridgii no within
y . trow
t ntly d
f gging
s

p
s

n
a
w
m
s
s
i

ear comparisons of treatments with controls are different. Where bar is missing in S
he data. All P. keeni pairwise comparisons with controls and prelogging are significa
rom controls in the same year; * indicates within treatment difference from prelo
trip buffer (n = 7); patch buffer (n = 3); no buffer (n = 7).

osition similarity (Table 5). Species richness increased 1–2 more
pecies in the treatments than in controls, but not significantly.

Recent research showed that clearcutting on small streams sig-
ificantly reduced small mammal species richness in BC (Cockle
nd Richardson, 2003) or caused a shift in species occurrence in
estern Washington (West, 2000; like this study). Small mam-

al species that are negatively affected by clearcutting may also

how persistence or increase in abundance after moderate or
mall-scale disturbance as Gitzen et al. (2007) observed in Wash-
ngton and Oregon where canopy species P. keeni, S. trowbridgii, M.
bridgii prelogging strip buffer only, there were captures, but no model adequately fit
ifferent. For the other five species the same letters indicate no significant difference
(P ≤ 0.10; see methods analyses for t-values). Note scale difference. Control (n = 6);

gapperi, and N. gibbsii showed “greater flexibility” in habitat occu-
pancy than expected in partially logged upland sites of variable
retention. Moreover, small mammal species may show different
responses to logging owing to effects on factors such as critical
resources and species interactions specific to a subarea – even
when a treatment has a similar effect on a habitat element across a

large geographic region (Gitzen, unpublished). Species that showed
increased numbers after buffer manipulation and clearcutting in
our study included P. maniculatus, Microtus spp., and Tamias spp.,
which is consistent with other studies (West, 2000; Cockle and
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Richardson, 2003; Waldien, 2005; Gitzen et al., 2007; Zwolak,
2009). We also observed concurrent declines in N̂ in treatments and
controls of three of the four forest endemic species: P. keeni, S. mon-
ticolus, S. trowbridgii. The fourth species that declined in controls,
M. gapperi, increased in treatments (Fig. 2). Concurrent declines we
observed of typic forest species suggest that factors other than or
in addition to the treatments influenced N̂.

5.1. Peromyscus keeni

P. keeni is a coniferous forest obligate species (Hallett et al., 2003;
Lawlor, 2003). While populations are expected to decline after log-
ging, neither forest gaps nor fragmentation created less preferable
habitat for P. keeni in upland forests (Gitzen and West, 2002; Gitzen
et al., 2007; Mills et al., 2003). However, riparian treatments in our
study exacerbated P. keeni average declines of >60% in strip and
patch buffers, and >70% in no buffers. To a lesser extent, P. keeni
also declined in controls (24%). Similarly, P. keeni declined ≈ 50%
on average in third-order stream buffers – but not in controls (West,
2000). While the size of the decline in N̂ of P. keeni was significant
in treatments, the smaller size of change in the controls (Fig. 2) may
be biologically inconsequential.

5.2. Myodes gapperi

The unexpected increase in N̂ of M. gapperi in treatments belied
their “decline” in the controls. We cannot explain this outcome and
we are uncertain whether the difference between four (prelogging)
and <1 individual/stream (postlogging; Fig. 2) is biologically impor-
tant at these relatively low densities. This idiosyncrasy may express
the inherently high natural population variation of the species as
Carey and Johnson (1995) observed in sites ranging from pristine
old-growth to naturally young forests in western Washington. The
increase in our treatments of M. gapperi indeed fluctuated and was
highly variable (Fig. 2). Others reported – in addition to M. gapperi,
high yearly variation in captures of individual common species in
the small mammal community in general in Washington (Gitzen et
al., 2007).

In the W-NW United States, M. gapperi numbers often decrease
after upland logging, and in the E-NE, M. gapperi usually increases
(Gitzen, unpublished); region may be the primary determinate for
M. gapperi habitat selection (Pulfer, 2007). In a meta-analysis of
postlogging effects on forest small mammals, Zwolak (2009) sug-
gested that declines of M. gapperi after upland clearcutting of moist
coniferous forest (like our sites) are even greater than in drier sites.
Along small stream clearcuts (Cockle and Richardson, 2003) and in
partially cut riparian buffers (West, 2000), M. gapperi declined in
the Pacific Northwest, but not in the controls, as in our study.

In western Washington, M. gapperi is more associated with
upland habitat than riparian (West, 2000) and is generally consid-
ered a mesic old forest species (Merritt, 1981; Sullivan et al., 2009).
M. gapperi has a purported high need for free water and structurally
complex habitat (Verts and Carraway, 1998; Nordyke and Buskirk,
1991; Zwolak, 2009), which may explain their influx along our
streamside treatments where both microhabitat features occurred,
despite reduced forest canopy. In dryer uplands, habitat structure
alone did not explain the inconsistency in responses of M. gapperi to
variable retention logging among areas Gitzen et al. (2007), which
may underscore the importance of headwater streams to M. gap-
peri. M. gapperi also is highly adaptive to changing food sources,
emphasizing lichens, seeds and fungi (Carey and Johnson, 1995)

that may shift in availability following disturbance.

We observed that male M. gapperi captures showed lower
body mass in patch and no buffers, compared to pretreatment.
Thompson et al. (2009) observed males of the closely related west-
ern red-backed vole (Myodes californicus) moved farther distances,
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Table 5
Percentage species composition similarity of treatments with controls and across years (X̄ ± SE), western Washington stream buffer study.

Treatment Prelogging Post 1 Pa Post 2 P Within treatments

Fb P

Control – 52 ± 5 – 56 ± 8 – 0.17 0.69
Strip buffer 61 ± 5 51 ± 7 0.46 45 ± 7 0.16 1.62 0.23
Pa – 1.00 0.59
Patch buffer 58 ± 14 67 ± 13 0.81 56 ± 8 0.99 0.26 0.78
P – 0.41 1.00
No buffer 55 ± 4 48 ± 6 0.63 29 ± 7 0.01* 5.86 0.01*

P – 0.97 0.04*

Within years:
Fb 0.27 1.03 2.89
P 0.76 0.40 0.06*
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* Significantly different.
a ANOVA post hoc test compared to controls (columns) or prelogging (rows).
b df: columns: prelogging (F2,14); post 1 and post 2 (F3,19); rows: control (F1,10) str

ccupied larger home ranges, and had longer nocturnal activity pat-
erns than females. This tendency for more males than females to
isperse through cutover habitat (Mills et al., 2003) may explain the
maller body mass of postlogging captures in treatments owing to
nergy expenditure and movement into possible streamside sinks,
urther stressed by changing interspecies competition. Our treat-

ents were probably ecological traps for M. gapperi that resulted
n population “packing” along streams and reflected the species
hort-term adaptation by efficient use of limited proximate critical
esources unique to headwater streams.

.3. Sorex monticolus and S. trowbridgii

The occurrence of six species of shrews in this study, also
bserved by West (2000) may be the highest reported for the region,
wing to forests of high moisture, cool air and a stable food base
Hallett et al., 2003). Treatments however, negatively impacted the

wo common shrews. Riparian clearcuts also had lower abundance
f S. monticolus than nearby forested areas (Cockle and Richardson,
003) in BC, and lower numbers in partially cut strip buffers and
ontrols in Washington (West, 2000). S. monticolus also declined in
pland variable retention treatments and mature/old-growth in BC

able 6
ean body mass (g), sample size (n), and P-values for statistical testsa on seven species

2005) + post 2 (2006) years.

Control Strip buffer

Prelogging Postlogging P Prelogging Postlogging

S. trowbridgii
Female 4.6 (21) 5.0 (43) 0.09* 4.8 (30) 4.8 (40)
Male 4.7 (27) 7.8 (34) 0.24 4.5 (24) 4.7 (37)
S. monticolus
Female 4.9 (20) 5.5 (21) 0.05* 5.1 (14) 5.3 (29)
Male 5.6 (24) 5.9 (22) 0.40 5.7 (36) 6.1 (27)
N. gibbsiia

Female 7.2 (6) 7.4 (17) 0.67 7.2 (5) 7.7 (13)
Maleb 6.9 (6) 7.1 (12) 0.49 7.2 (5) 7.5 (9)
P. keeni
Female 20.4 (34) 19.6 (52) 0.16 19.5 (19) 20.1 (36)
Male 19.4 (59) 19.7 (126) 0.69 19.6 (59) 19.4 (76)
P. maniculatus
Female 19.2 (3) 0 — 19.3 (3) 17.1 (14)
Male 17.0 (1) 19.6 (7) 0.38 19.2 (3) 18.4 (12)
M. gapperi
Female 19.9 (7) 17.0 (4) 0.06* 18.6 (5) 17.2 (14)
Maleb 21.5 (12) 19.8 (2) 0.53 21.5 (2) 18.7 (18)
M. oregoni
Female 19.0 (1) 11.0 (1) — 14.6 (3) 15.2 (9)
Male 0 0 — 16.4 (4) 13.4 (9)

a Here data from 2002 pilot study (prelogging columns) and 2004 harvest year (postlog
b ANOVA and/or t-tests; all others: Kruskal–Wallis and/or Mann–Whitney U-tests.
* P ≤ 0.010.
no buffers (F2,18); patch buffer (F2,6).

forests until they were absent by the fifth year (see Sullivan et al.,
2008; also Sullivan et al., 2009), and Gitzen et al. (2007) observed
inconsistent responses to upland variable retention logging in Ore-
gon and Washington.

We observed percentages of breeding females of both species
that significantly increased in our postlogging controls which gen-
erally extended into the buffers (Supplement). Female captures of
both species also had larger body mass in the controls, indicative
of better habitat (Craig, 1995). Further, percentages of S. monticolus
juveniles declined in strip and patch/no buffers, indicative of lower
productivity, survival, or both (Supplement). Habitat quality in con-
trols may account for increases in body weight and more breeding
females, but declines of N̂ by both species in postlogging controls
(and treatments) counters the positive effects of habitat and sug-
gests that other factors influenced shrew populations, especially S.
monticolus. Unlike other shrew species we captured, S. monticolus
probably does not produce more than one litter of about six young

per summer, and annual survival of young is only about four per-
cent (Verts and Carraway, 1998). Most captures of reproductively
active individuals in our samples occurred at the onset of trapping
(late May) which lasted through the summer. Protracted trapping
was detrimental to S. monticolus survival and likely, recruitment.

of small mammals, western Washington stream buffer study. Postlogging = post 1

Patch/no buffer P

P Prelogging Postlogging P Prelogging Postlogging

0.97 4.6 (41) 4.8 (63) 0.26 0.70 0.35
0.49 4.5 (67) 4.7 (50) 0.11 0.97 0.58

0.67 5.0 (30) 5.2 (30) 0.62 0.75 0.57
0.20 5.6 (43) 5.5 (51) 0.66 0.70 0.04*

0.46 8.1 (10) 7.7 (23) 0.86 0.29 0.56
0.40 7.1 (11) 7.3 (11) 0.38 0.72 0.40

0.36 19.4 (34) 19.8 (38) 0.64 0.25 0.51
0.68 19.4 (73) 20.2 (56) 0.05* 0.85 0.10*

0.19 0 19.3 (23) — 0.90 0.02*

0.61 17.8 (4) 17.4 (34) 0.61 0.48 0.06*

0.55 19.8 (20) 17.5 (12) 0.37 0.85 0.98
0.29 19.7 (20) 17.1 (23) 0.03* 0.47 0.25

0.72 14.6 (6) 15.0 (40) 0.76 0.35 0.36
0.28 15.3 (11) 14.8 (48) 0.40 0.36 0.14

ging columns) were added to increase sample sizes.



1 d Man

I
b
p
s
a
i
�
f
o
a
b
t
c
h
s
d
m
s
b
s
a
a
a
S

5

2
2
W
(
n
p
s
(

5

i
(
o
l
i
e
i
f
t
b
e
i
b
W
t
w
a
i
l
o
t
o
t
m
i
a

576 R.J. Wilk et al. / Forest Ecology an

n the nearby lowland Puget Trough, S. monticolus breeding occurs
efore May (Lee, 1995), which would allow for birthing and dis-
ersal of young prior to acute trapping losses (note: the total
urvival rate for the 3-yr period among captures of S. monticolus
nd S. trowbridgii was 20%, but the survival percentages improved
n time: 17, 21, and 24%, in pre, post 1 and post 2, respectively;
2 = 5.661, P = 0.06). Collectively, a number of factors may account

or the declines of S. monticolus: the “naturally lower” percentage
f females we observed in prelogging (whose postlogging percent-
ge increase may have ameliorated further losses); a naturally low
irth and survival rate; logging induced landscape alteration on fac-
ors such as dispersal, microclimate, food availability, interspecies
ompetition, and predation; a general dependence upon riparian
abitat converted to possibly marginal refugia inducing further
tress; and the apparent additive capture removals across the study
uring breeding. S. trowbridgii showed similar negative trends to S.
onticolus and significantly declined in the patch buffers in this

tudy. West (2000) observed nonsignificant declines of S. trow-
ridgii in riparian buffers and uplands along third-order fishbearing
treams. This species probably produces >1 litter annually but has
short reproductive period (Verts and Carraway, 1998) that ended
bout the time our trapping initiated each year. This timing may
ccount for higher percentages of juveniles in postlogging than
. monticolus.

.4. Water shrews

In this region, S. bendirii occurs mostly below 650 m (West,
000; Lehmkuhl et al., 2008; Pacific Water Shrew Recovery Team,
009) and S. palustris occurs mainly >800 m (Conaway, 1952;
est, 2000). Our trapping occurred <400 m elevation, yet overall

2002–2006) we captured 62% S. bendirii and 38% S. palustris with
o clear elevation gaps in their distribution. The species are sym-
atric along Coast Range headwater streams. Our samples were
mall, but in general, S. palustris responded poorly to treatments
Supplement).

.5. Further considerations

This experiment was driven by factors we could not control,
ncluding assignment of sites and treatments, timing of logging
which precluded a scheduled second year of presampling), and
versight of buffer creation. All were influenced by economics and
ogistics. Narrow buffers like ours inherently have greater variabil-
ty in effect sizes (Marczak et al., 2010) and the failure to show
ffects in some cases may reflect sample size or conservative test-
ng of N̂ (or the failure of data fitting to models). We believe that
actors such as weather that can influence animal activity and cap-
ure variation (Corn et al., 1988; MacCracken, 2002) was dampened
y summer trapping and the generally even distribution of capture
ffort. We were unable to create a matching set of capture arrays
n adjacent uplands which might have better distinguished which
uffers were more productive source habitats or dispersal sinks.
indfall was an important proximate influence on buffer func-

ion because it created structural diversity under dynamic change
hich has been correlated with (but may not be causal) animal

bundance (Carey and Harrington, 2001). The postlogging change
n total captures in the small mammal community were corre-
ated with several measures of habitat change, which suggests that
ur N̂ of individual species may be reasonable regarding short-
erm treatment effects; and despite the relative close proximity

f some control streams to treatment clearcuts, controls were sta-
istically unchanged in post 1 compared to pretreatment on habitat

easures we recorded. Lastly, we caught low numbers of M. long-
caudus, a riparian associate in western Washington (Anthony et
l., 2003) during a year of peak abundance (2006; Sullivan, T.P.,
agement 260 (2010) 1567–1578

personal communication), which added to species richness in the
patch and no buffers.

6. Conclusion

In the Coast Range, headwater stream alternative buffers were
ineffective in retaining the habitat and relative abundance of indi-
vidual small mammal species in the first two years after creation.
Buffer persistence was low. Canopy forest habitat in buffers and
small mammal community connectivity to source habitat was
absent (clearcuts), isolated (patch buffers), or unidimensional (strip
buffers). Minimally, patch buffers need to be connected to remove
barriers to dispersal from intervening clearcuts. The postlogging
change in total mammals captured, species richness, evenness and
diversity in treatments was not significantly different from con-
trols after logging, but the percentage similarity to controls of small
mammal species composition declined in the no buffer treatment.
Control streams maintained faunal biodiversity but abundance of
about half of the species changed following treatment.

Effect sizes associated with buffers <20 m width (the size of
this study) are more variable than effect sizes of buffers >50 m
and demonstrates a broad insufficiency in maintaining commu-
nities in the short-term at levels compared to undisturbed areas
(Marczak et al., 2010). The clearcut-forest interface can pene-
trate up to 40 m into buffers (Brosofske et al., 1997; Harper and
MacDonald, 2001) suggesting that our treatments were ecologi-
cally breached in the buffer design stage and, one control stream –
in the implementation stage (illegally overcut by loggers). Although
buffers are intended to be stopgap devices that provide habitat
especially in the first two decades before the adjacent forest devel-
ops canopy (West, 2000), immediate effects of forest management
practices produce imbalanced mammal communities (Carey, 2003,
this study). Ultimately, the fundamental measure of a successful
riparian buffer design is the persistence of whole communities
between the time of logging and canopy closure (West, 2000),
without species extirpations. If the management goal is the main-
tenance of communities observed in undisturbed forest, these
considerations, along with the low rate of buffer persistence along
headwater streams will require site-specific data (Brosofske et
al., 1997; Lee et al., 2004) and an assimilation of the regional
research on small stream buffers by forest managers. Factors such
as landform, stream orientation, weather, and floral and faunal
communities must be included in logging unit planning along head-
water streams, because short-term response to buffers by small
mammals strongly differs between species and in community com-
position (Marczak et al., 2010; this study). For example, headwater
strip buffers show more wind damage when oriented crosswind
than windward (Grizzel and Wolff, 1998), and aggregated reten-
tion buffers (patches) of 1 ha, much larger than the patches in our
study, appear to be sufficiently large in the short-term for persis-
tence of upland forest-dependent species (Heithecker and Halpern,
2007). Additionally, strip buffers of widths defined by the transi-
tion from riparian to upland vegetation or topographic slope breaks
may mitigate the impacts of upslope thinning on microclimate
above headwater streams (Anderson et al., 2007), and for cer-
tain sensitive species, incorporation of upland with riparian forest
may be required for adequate conservation function (Semlitsch and
Bodie, 2003). A recent vision for “linkage areas” to retain forested
ridgelines above headwater streams for species dispersal and habi-
tat connectivity (Olson and Burnett, 2009) would benefit small
ground-dwelling mammals.
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